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INTRODUCTION: 
Our research program is focused on Rb associated protein 46 (RbAp46), a novel tumor 

suppressor gene that we recently identified and cloned. Our major goal is to understand the role of 

RbAp46 in the early development of breast cancer. During the project period (2000-2003), we 

accomplished all of the tasks proposed in our application. We demonstrated RbAp46 tumor 

suppressor function in the early development of breast cancer, revealing cellular and molecular 

mechanisms by which RbAp46 functions as a tumor suppressor. 
Using MCF10AT3B cells derived from a xenograft model of human proliferative breast 

disease, we discovered that RbAp46 overexpression strongly inhibits abnormal growth and 

tumorigenicity of neoplastigenic MCF10AT3B cells. RbAp46 overexpression also facilitates stress- 

induced apoptosis in MCF10AT3B cells through consistent activation of the JNK/SAPK pathway. 

We also found that restoration of RbAp46 expression in breast cancer cells strongly inhibits 

malignant features of these tumor cells. Importantly, we found that inducible RbAp46 expression in 

established breast cancer xenografts strongly suppressed progressive growth of breast cancer in 

vivo. Furthermore, we demonstrated that constitutive RbAp46 expression in MCF10AT3B cells 

inhibits estrogen-stimulated growth of these cells in vitro and tumorigenicity in vivo. Finally, we 

revealed that several signaling pathways, including the JNK/SAPK pathway and the ^-catenin 

pathway, are involved in RbAp46 function as a potent tumor suppressor. 
With the support of this grant, our study provided important information about the function 

of the novel tumor suppressor gene RbAp46 in the early development of breast cancer, and the 

molecular and cellular events in early development of human breast cancer. 

BODY: 
Task 1: Determine the effects of constitutive RbAp46 expression on the progression of human 

proliferative breast disease in the MCFIOAT xenograft model (Months 1-12). 
1 Kstablishment of stable MCF10AT3B cell lines expressing exopenous RbAp46. (From Approved 

Statement of Work). 
9 Analysis of growth r.haracteristir. in the stable MCFI0AT3B cell lines that express high levels of 

exogenous RbAp46. (From Approved Statement of Work). 
3. Tn vivo xennpraft experiments are being performed. (From Approved Statement of Work). 

The results generated from the experiments proposed in Task 1 were recently published (Li 

et. al. 2003 as the appendix 1). We summarize the key findings and their importance below. 

(1). Overexpression ofRbAp46 suppresses tumorigenicity ofMCFlOATSB cells. 

The MCF10AT3B cells are epithelial cells derived from MCFIOA cells, a cell line that originates 

from a spontaneous immortalization of non-malignant human mammary gland (Miller et. al, 1993). 

MCFIOA cells transfected with T24 Ha-ras mutant (designated as MCFIOAT) acquired the ability to 



grow as xenografts in the dorsal flank of nude mice. MCF10AT3B cell line was established from a third 
generation transplant. When xenografted into nude mice, MCF10AT3B cells form atypical hyperplasia, 

carcinoma in situ and invasive carcinoma (Dawson et. al. 1996). This is a widely used and well- 
characterized model for the early development of breast cancer suitable for in vitro and in vivo assays. 

We have established stable cell lines that express exogenous RbAp46. The RbAp46-expressing 
MCF10AT3B cells and the CMV-MCF10AT3B control cells transfected with empty vector were 

maintained in medium plus 5% fetal calf serum. 
A typical feature associated with malignantly transformed cells is anchorage-independent 

growth. We determined the ability of stable MCF10AT3B cell lines that overexpress RbAp46 to 
form colonies in soft-agar. The RbAp46-expressing cells formed~45% fewer colonies in soft-agar 

than parental MCF10AT3B cells and CMV-MCF10AT3B control cells (see the table I in the 
appendix 1). These resuhs indicate that overexpression of RbAp46 inhibits the abiUty of 

MCF10AT3B cells to grow anchorage-independently in soft-agar. 
To examine the effect of RbAp46 expression on tumorigenicity of MCF10AT3B cells in 

vivo, two established cell lines from each expression vector were injected in the mammary fatpad of 
12 nude mice. Forty weeks after injection, tumor like nodules were detected at about 50% of the 
injected sites of parental cells and control cells transfected with empty vector. However, tumors 
were totally absent in the mice injected with RbAp46-transfected cells (see table II in the 
appendix 1). This data indicates that RbAp46 strongly suppresses tumorigenicity of neoplastigenic 

MCF10AT3B cells in nude mice. 
(2). Overexpression ofRbAp46 sensitizes MCF10AT3B cells to apoptosis induced by stress-stimuli. 

We examined whether overexpression of RbAp46 enhanced apoptotic cell death in cells 

following their transfer to media with a low concentration of serum or media without 
hydrocortisone. In contrast to control cells, RbAp46-expressing cells cultured in low serum or in the 
absence of hydrocortisone exhibited a dramatic increase in apoptotic cell death (see the figures 2 
and 3 m the appendix 1). These data strongly demonstrate that although high levels of RbAp46 
expression alone do not induce apoptosis, a significant increase in cell apoptosis occurs when 

combined with stress-stimuli. 
(3). Constitutive activation of the JNK/SAPK pathway in RbAp46-expressing MCF10AT3B cells. 

Apoptosis signaling through the JNK/SAPK stress response pathway is triggered by UV 

irradiation, osmotic stress, and in response to cytokines and growth factors. The JNK/SAPK 
pathway was implicated as a major apoptotic pathway following DNA damage and in response to 
Fas ligand and tumor necrosis factor-a (TNF-a) (Chen et. al. 1996; Rosette and Karin, 1996). 

To determine if the JNK/SAPK pathway is involved in enhanced apoptosis of RbAp46- 
expressing MCF10AT3B cells. Western blot analysis, using anti-phospho JNK antibody, was 
performed on control and RbAp46-expressing cells. We observed a constitutively phosphorylated 



form of JNK/SAPK in RbAp46-expressing cells (see the figure 4 in the appendix 1), indicating a 

consistent activation of the JNK/SAPK pathway in these cells. Thus, overexpression of RbAp46 

may sensitize cells to a potent apoptotic response through consistent activation of the JNK/SAPK 

pathway. 
(4). Constitutive activation ofGADD45 in RbAp46-expressing MCF10AT3B cells. 

The data described above demonstrated that RbAp46 sensitized cells to apoptosis induced by 

stress-stimuli, possibly through constitutive activation of JNK/SAPK pathway. Growth arrest- and 

DNA damage-inducible (GADD) genes belong to a subgroup of genes that are both rapidly induced 

by DNA-damaging agents and coordinately induced in growth-arrested cells. To examine GADD45 

gene expression in RbAp46-expressing cells. Western blot analysis of proteins from RbAp46- 

expressing cells and control cells was performed. GADD45 expression levels were dramatically 

increased in RbAp46-expressing cells compared with control cells (see the figure 5 in the appendix 

1). This data suggested that overexpression of RbAp46 may mimic the signals of these environmental 

stimuli and induce expression of GADD45. 

Task 2: Determining the effects of RbAp46 on transformed phenotypes of breast cancer cells 

(Months 13-24). 
4. Determining if RbAp46 inhibits transformed phenotvpes of breast cancer cell lines such as 

anchorage-independent growth and tumor formation in nude mice. Establishment of Tet-inducible 

retrovirus svstem fProm Approved Statement of Work). 

(1). Constitutive expression of exogenous RbAp46 reverts transformed phenotypes of breast cancer 

cells. This work is in press in "Anticancer Research " (see the appendix 2). 

We used three human breast cancer cell lines, MDA-MB-231, MDA-MB-436 and MCF7 as 

tumor models to study the effect of RbAp46 expression on transformed phenotypes of human breast 

cancer cells. We estabUshed a number of cell Unes that expressed exogenous RbAp46 and three of 

each transfectant are maintained for research. We also generated three control cell lines transfected 

with the empty expression vector for each breast cancer cell Une. 

We then tested the effects of RbAp46 on transformed phenotypes of these breast cancer cells 

using two types of experiments. First, we determined the ability of these established cell lines that 

constitutively express RbAp46 to form colonies in soft-agar. Two hundred cells of each established 

cell lines were seeded in 60-mm dishes in replicates of five plates for each cell line. After 

incubation for 3 weeks, colonies with more than 30 cells were counted and scored as anchorage- 

independent. The RbAp46-expressing cells formed 10-15% fewer colonies in soft-agar than vector- 

control cells transfected with the empty vector (see the table 1 in the appendix 2). These results 



indicate that high levels of RbAp46 expression inhibit the ability of these breast cancer cells to 

grow anchorage-independently in soft-agar. 

Second, we examined the effect of RbAp46 on tumorigenicity of the three breast cancer cell 

lines in nude mice. Each of the established cell lines were injected subcutaneously into three nude 

mice (at two sites each, using 2 X 10^ cells per site). Fourteen days after injection, tumors were 

detected at most sites injected with vector-control cells. However, tumor formation was 

significantly decreased both in number and in sizes in the mice injected with RbAp46-expressing 

cells (see the figure 3 in the appendix 2). Taken together, these data indicated that RbAp46 

strongly suppresses the transformed phenotypes of MDA-MB-231, MDA-MB-436 and MCF7 

breast cancer cells. 

(2). Establishment of Tet-inducible retrovirus system. 

In our progress report for year two, we reported the establishment of a tetracycline-regulated 

expression system of RbAp46 in MCF7 breast cancer cells. We found tightly regulated induction of 

RbAp46 expression (Fig. lA in the appendix 3). Western blot analysis did not detect expression of 

the HA-tagged RbAp46 in the presence of tetracycline. Withdrawal of tetracycline led to induction 

of exogenous RbAp46 expression, detectable within 5 hours. The maximal induction of the 

transfected RbAp46 was about 27-fold. 

To determine the effect of induced RbAp46 expression on growth of MCF7 cells, the cells 

were seeded at 1 X 10" cells/well and counted every other day after tetracycline withdrawal. 

Induction of RbAp46 resulted in a normal growth rate for about 2 days, followed by a slower 

growth rate (-2 fold) compared with the control cells (Fig. IB in the appendix 3). This data 

strongly suggested that induced expression of RbAp46 inhibits growth of MCF7 breast cancer cells. 

5. Tumor formation assay of Tet-inducible cell lines in nude mice will be performed. (From 

Approved Statement of Work). 

(1). Induction ofRbAp46 expression suppresses progressive growth of breast tumor xenografts in nude 

mice. 

MCF7 is an established breast cancer cell line that forms tumor in nude mice. We inoculated MCF7 

cells carrying Tet-inducible recombinant viruses of RbAp46 into nude mice. The first group of mice was 

fed with water only immediately after injection to induce RbAp46 expression from the beginning of 

experiment. The second group of mice was fed with water containing Tetracycline (2 mg/ml) for four 

weeks when diameters of tumor xenografts reached 4-5 mm\ and then with water only to induce 

RbAp46 expression. The third group of mice was continuously fed with water containing Tetracycline (2 

mg/ml) from the beginning to the end of experiment to suppress exogenous RbAp46 expression. Tumor 

growth was monitored weekly. After eight weeks, all mice were sacrificed, and tumors were excised and 



weighed. The mice from the first group formed the smallest tumors compared to other two groups (Fig. 

2A), consistent with our previous finding that constitutive expression of RbAp46 strongly inhibits tumor 

formation in nude mice (Guan et. al. 2001 and Li et. al. 2003). Furthermore, in the second group, the 

induced expression of RbAp46 suppressed progressive growth of established tumor xenografts compared 

to the tumors from the third group of mice (Fig. 2A in the appendix 3). Analysis of the data using a 

student's t-test showed that the tumor mass reduction in the second group of mice with induced RbAp46 

expression compared with control mice was statistically significant (p < 0.05). However, although 

RbAp46 induction resulted in a slow-down of progressive growth of established tumor, tumor regression 

was not observed (Fig. 2B in the appendix 3). 

(2). Induced expression ofRbAp46 trigged apoptosis. 

To further investigate whether induction of RbAp46 could induce apoptotic cell death in MCF7 cells, 

fluorescent activated cell-sorting (FACS) analysis was performed in propidium iodide stained cells with 

induced RbAp46 expression. While we did not observe any cell population changes in specific cell cycle 

phases, we observed an increase of cell population in the sub-Gl phase (Fig. 3B in the appendix 3). 

Electrophoretic analysis of DNA from dying cells revealed chromatin fragmented into a nucleosomal 

ladder characteristic of apoptosis (Fig. 3C in the appendix 3). These dying cells also exhibited the 

biochemical characteristics of apoptosis; the activation of caspase-3 and the cleavage of poly ADP- 

ribose polymerase (PARP), a substrate of activated caspase-3, were observed in the cells after induction 

of RbAp46 (Fig. 3A in the appendix 3), indicating that RbAp46 induction triggers programmed cell 

death in MCF7 cells. 

(3). Induction ofRbAp46 activates the JNK pathway. 

As described above, we have found that the JNK pathway is consistently activated in RbAp46- 

expressing cells . To confirm this result. Western blot analysis was performed to demonstrate that 

RbAp46 induction led to phosphorylation of endogenous SEK1/MKK4 (Fig. 4A in the appendix 3), the 

common upstream regulator of the JNK pathway, followed by phosphorylation of JNK (Fig. 4A in the 

appendix 3). Phosphorylation occurred at a level higher than that observed following UV irradiation, a 

well described inducer of JNK and comparable with the level induced by Methyl methanesulfonate 

(MMS), a DNA alkylating agent known to induce the JNK pathway (Fig. 4A in the appendix 3). JNK 

kinase activity was also activated as demonstrated by the increased phosphorylation of the JNK substrate 

c-Jun (Fig. 4A in the appendix 3). Induction of RbAp46 did not result in nonspecific activation of the 

other MAP kinase pathways, as shown by the unaltered tyrosine phosphorylation of MAP kinases such 

as ERK and p38 (Fig. 4B in the appendix 3). 

(4). Activation of JNK is required for apoptosis induced by RbAp46. 

To determine whether activation of JNK is required for RbAp46 mediated apoptosis, a dominant- 

negative mutant of JNKl (JNKldn) encoded by pcDNA3-Rag-JNKl (APF) was transiently introduced 

into cells, and RbAp46 expression was induced by tetracycline withdrawal. JNKldn expression inhibits 
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the endogenous JNK activity, shown by the loss of c-Jun phosphorylation (Fig. 5A in the appendix 3) 

and reduced apoptosis trigged by RbAp46 induction (Fig. 5B in the appendix 3). These data suggest 

that JNK kinase activity is required for RbAp46-mediated apoptosis. 

Task 3. Determining the effects of constitutive-expression of RbAp46 on estrogen-stimulated 

progression of proliferative breast disease. (Months 25-36). 
6. Determining the effects of constitutive expression of RbAp46 on growth characteristics of 

estrogen-stimulated MCFIOAT cells in vitro. rFrom Approved Statement of Work). 

7. Determining the effects of constitutive-expression of RbAp46 on estrogen-stimulated progression 

of proliferative breast disease in vivo. ("From Approved Statement of Work). 

Despite widespread agreement that estrogens are involved in breast cancer etiology, there is 

uncertainty as to the precise role of estrogen in the biology of breast cancer progression as well as 

the mechanisms of estrogen action early in human mammary tumorigenesis. As proposed in our 

apphcation, we planned to study the effects of constitutive expression of exogenous RbAp46 on 

estrogen-stimulated cell growth in vitro and the progression of proUferative breast disease in vivo. 

(1). Constitutive expression ofRbAp46 suppresses estrogen-stimulated growth ofMCFlOATSB 

cells. 
The MCF10AT3B cells that express exogenous RbAp46 and control cells that were 

transfected with empty vector were maintained in F12 medium plus 5% horse serum. To determine 

the effects of constitutive expression of RbAp46 on estrogen-stimulated cell growth, the RbAp46- 

expressing cells and control cells were washed three times with PBS and changed to medium 

containing 5% Charcol/Dextran treated serum at a density of 1 X 10' cells per well for twenty four 

hours. 10"' M of 17P-estrodial (E2) was added to the medium. After incubation with E2 for 2,4, 6 

and 8 days, cells were trypsinized and counted. We found that constitutive expression of RbAp46 

inhibited the estrogen-stimulated growth rate ofMCFlOATSB cells at physiology concentration of 

estrogen (1 X 10"' M) (Fig. 6 in the appendix 3). 
(2). Constitutive-expression ofRbAp46 inhibits estrogen-stimulated progression of proliferative 

breast disease in vivo. 
Control MCF10AT3B cells and MCF10AT3B cells that express exogenous RbAp46 were 

suspended after treatment with 0.025% edetate sodium and 0.05% trypsin in a Ca'"- and Mg'^- free 

balanced salt solution. A total of 1 X 10' cells were resuspended in 0.1 ml of Matrigel 

(Collaborative Research, Bedford, MA) and inoculated subcutaneously into the mammary fatpad of 

ovariectomized female nude mice (6 weeks old, strain CDI nu/nu, Charles River Breeding 

Laboratory), seven days after subcutaneous implantation of 1.7mg/60-day release E2 (treated; 12 

mice) or placebo (control; 12 mice) pellets (Innovative Research, FL). Animals were palpated for 

tumor formation at the injection site once a week, beginning five weeks after injection. All mice 



were sacrificed at 8 weeks after injection. Tumors from the injection sites were removed and 

weighed. 
We found that in the absence of estrogen, constitutive expression of RbAp46 totally 

aboUshed tumor formation of MCF10AT3B cells (Fig. 7 in the appendix 3), consistent with our 
previous finding that RbAp46 inhibits tumorigenicity of MCF10AT3B cells in vivo (Li et. al. 2003). 
However, estrogen treatment enhanced the tumorigenicity of MCF10AT3B cells, whereas 
constitutive expression of RbAp46 strongly reduced the progression of tumors formed by 
MCF10AT3B cells (Fig. 7 in the appendix 3). These results demonstrated that estrogen promotes 

progression of human proliferative breast disease and constitutive expression of RbAp46 strongly 

inhibits estrogen-stimulated progressive growth of human proliferative breast disease. 

Other findings that are pertinent to the proposed Tasks: 
(1). Overexpression ofRbAp46 in MCF10AT3B cells induces an epithelial-mesenchymal transition 

(reported in the progress report for year one). 
In addition to the growth inhibition and sensitization to apoptosis observed in RbAp46 over- 

expressing MCF10AT3B cells, a dramatic change of phenotype from epithelial cells to fibroblast- 

like cells was also observed in RbAp46-expressing cells. Western blot analysis and indirect 
immunofluoresence staining results demonstrated that the E-Cadherin, P-Cadherin, a-Catenin, p- 

Catenin and y-Catenin (markers for epithelial cells) were significantly down-regulated in the 
RbAp46-expressing cells. N-Cadherin and Vimentin (markers for mesenchymal cells) were up- 
regulated in these cells. In addition, our experiments also demonstrated that the RbAp46-transfected 
MCF10AT3B cells retained some epithelial markers, such as epitheUal specific antigen (ESA) and 

epitheUal membrane antigen (EMA), indicating their epithelial origin. 
(2). RbAp46 facilitates GSKSfi-dependent protein degradation ofP-catenin (reported in the 

progress report for year two). 
To elucidate the molecular mechanisms by which RbAp46 inhibits transformed phenotypes of 

breast cancer cells, we examined several signaling pathways in RbAp46-transfected MCF7 cells. 
We found that the expression levels of P-catenin protein were dramatically downregulated in the 
RbAp46-transfected cells as demonstrated by Western blot analysis whereas no significant change 
was observed in its mRNA levels, suggesting that the steady state levels of P-catenin protein were 

decreased in RbAp46-transfected cells. 
P-catenin is an important regulator of the Wnt signal transduction cascade. In the absence of 

Wnt signaling, cytoplasmic p-catenin is associated with APC-Axin/conductin-GSK-3p complex and 

normally rapidly degraded through proteasome pathway after being phosphorylated by GSK-3P at 

serine/threonine residues. 
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It is well established that the peptide aldehyde ALLN (iV-acetyl-Leu-Leunorleucinal) and 

MG132 inhibit proteasome-mediated proteolysis, which leads to an accumulation of proteins that 

are usually metabolized by this pathway. Upon treatment with ALLN and MG132, the protein levels 
of P-catenin in RbAp46-transfected cells were increased to a level similar to that of control cells, 

and the cells treated by ALLN clearly showed higher molecular weight forms of P-catenin, 

suggesting that the P-catenin protein was destabiUzed in RbAp46-transfected cells. 
To further examine if GSK-3P mediated p-catenin degradation was upregulated in RbAp46- 

transfected cells, we further determined the expression levels of GSK-3 in RbAp46-transfected 
cells. We found that the protein levels of both GSK-3a and 3P were dramatically upregulated in 
RbAp46-transfected MCF7 cells compared with the control cells. Concomitantly, P-catenin was 
significantly phosphorylated at Ser31/37/Thr41 residues, but not at Thr41/Ser45 residues, indicating 
that RbAp46 may upregulate the GSK-3-dependent ubiquitination and proteolysis pathway that 

regulate the steady state levels of P-catenin are regulated. 
Activation of the Wnt cascade results in an inactivation of GSK-3P and an accumulation of 

cytosolic P-catenin, which then translocates to the nucleus, binds to transcription factors of the 
Lef/Tcf family, and activates the transcription of a variety of target genes including c-myc and 
cyclin D. To confirm P-catenin was functionally downregulated in RbAp46-transfected MCF7cells, 

LefyTcf-dependent nuclear signaling was measured using the TOP-FLASH reporter construct that 
contains the Lef/Tcf binding site. As a negative control, the FOP-FLASH reporter vector, in which 
the Lef/Tcf binding sites have been mutated, was also used. The results showed that P-catenin- 
Lef/Tcf signaling is significantly inhibited in RbAp46-transfected MCF7 cells compared with the 

control cells. 

KEY RESEARCH ACCOMPLISHMENTS: 
(1). Constitutive expression of RbAp46 inhibits abnormal cell growth and tumorigenic phenotype of 

MCF10AT3B cells, a cell line derived from a xenograft model of human proliferative breast 

(2). Constitutive expression of RbAp46 sensitizes MCF10AT3B cells to apoptosis induced by 

stress-stimuli through consistent activation of JNK/SAPK pathway. 
(3). Constimtive expression of RbAp46 induces epithelial-mesenchymal transition. 
(4). Overexpression of RbAp46 inhibits transformed phenotypes of breast cancer cells. 
(5). Constitutive expression of RbAp46 downregulates the p-cateninA'cf-mediated signaling 

pathway. 
(6). Induced expression of RbAp46 suppresses progressive growth of established breast tumor xenografts 

in nude mice. 
(7). Induced expression of RbAp46 triggers JNK pathway-dependent cell apoptosis. 
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(8). Constitutive expression of RbAp46 inhibits estrogen-stimulated abnormal cell growth and 

enhanced tumorigenesis of MCF10AT3B cells. 
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C-eH lines: 
1.  RbAp46-transfected MCF10AT3B cells and control cells transfected with empty vector. 
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2.  RbAp46-transfected MCF7 cells and control cells transfected with empty vector. 
3 RbAp46-transfected MDA-MB-231 cells and control cells transfected with empty vector. 
4 RbAp46-transfected MDA-MB-436 cells and control cells transfected with empty vector. 
5 MCF7 cells carrying RbAp46 inducible system and control cells transfected with empty vector. 

these stable cell lines provide valuable tools for future study of RbAp46 function in early 
development of breast cancer. These cell lines are also valuable assets for research community to 
study molecular and cellular events during progression of proliferative breast disease into malignant 

breast cancer. 

CONCLUSIONS: 
During the project period, we discovered that RbAp46 inhibits abnormal cell growth and 

tumorigenic phenotype of MCF10AT3B cells derived from a model of human proliferative breast 

disease These results established that RbAp46, a novel tumor suppressor, has potent growth 
inhibitory activity and plays an important role in the regulation of both normal and aberrant growth 

in breast epithelial cells. Dysregulation of this important protein may contribute to early 
development of human breast cancer. To our knowledge, this is the first tumor suppressor identified 

to have an inhibitor role in malignant progression of human proliferative breast disease. 
We also found that constitutive expression of RbAp46 strongly inhibits transformed phenotypes 

of breast cancer cells in vitro and in vivo. These results indicate that the RbAp46 not only inhibits 
progression of human proliferative breast disease but also suppresses malignant features of 
estabUshed breast cancer cell lines. These data thus further demonstrate that RbAp46 is a tumor 

suppressor that is involved in development of human breast cancer. 
Finally we have found that constitutive expression of RbAp46 slows down estrogen-stimulated 

cell growth in vitro and progression of proliferative breast disease in vivo. These results provided 
important information about the role of estrogen in the biology of breast cancer progression and the 
molecular mechanisms of estrogen action in human mammary tumorigenesis. Future study of this 

model of estrogen-stimulation will greatly advance our understanding of the role of estrogen m 

human breast cancer etiology. 
In addition to the important findings described above, we revealed several molecular 

mechanisms by which RbAp46 functions as a tumor suppressor. We have found that sensitizmg 

cells to apoptosis is one of the molecular mechanisms by which RbAp46 suppresses tumongenic 
progression of human proliferative breast disease. We have also found that both the JNK/SAPK and 

Caspase 3 signaling pathway are involved in cell apoptosis induced by RbAp46. These data were 
also confirmed by the inducible system of RbAp46 in a different cell line. These data provided both 

critical information about the molecular mechanisms by which RbAp46 functions and revealed a 
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direction for the future study on the cellular and molecular events during malignant progression of 

human proliferative breast disease. 
Furthermore, we have found that RbAp46 downregulated the P-cateninA'cf signaling pathway 

through activation of GSK-3p. This finding is of great biological importance. P-catenin is an 
important regulator of oncogene Wnt signaling cascade. Cytoplasmic P-catenin levels are important, 

because dysregulation of P-catenin accumulation as a result of mutations in APC protem and f,- 
catenin itself leads to constitutive activationof Wnt-l/p-catenin/Tcf-mediated transcription, which 

is associated with a variety of human cancers. The relationship between the P-catenin signalmg 
pathway and breast cancer development has been suggested before. However, experimental 
evidence estabUshing this relationship has not been documented. Our finding that P-catemn protem 
was destabilized in RbAp46-transfected cells suggested that RbAp46 inhibits tumongencity of 
breast cancer through downregulation of the Wnt-l/P-cateninATcf signaling pathway. These results 

thus suggest that the Wnt-l/p-cateninA'cf signaling pathway is involved in early development of 
human breast cancer. These results also provided important information on the cellular regulation of 

the Wnt-l/P-catenin/Tcf signaling pathway during tumorigenesis of a variety of human cancers. 
As described above, RbAp46 is a potent growth inhibitor that plays an important role m 

maintaining normal growth in mammary gland cells. Interestingly, we also found that 
overexpression of RbAp46 in epithelial cells induces a significant epithdial-mesenchymal 
transition. This finding is of great biological significance. Epithelial-mesenchymal inter-conversion 
is a fundamental mechanism of normal morphogenesis during development and plays an important 

role in the metastatic cascade of carcinoma, a major event in the transition from non-invasive 
tumors to invasive malignant carcinomas. However, an understanding of the molecular mechamsms 

that lead to this transition has been elusive. The fact that RbAp46 can induce epithehal- 
mesenchymal transition indicates that RbgAp46 is able to block cell-cell contacts through the 
inhibition of epithelial genes. Further investigation of molecular mechanisms by which RbAp46 
induces epithelial-mesenchymal conversion will not only greatly advance our understanding of this 

important step of tumor development, but will also lay the foundation for novel approaches to 

interfere with progression of breast cancer. 
In summary, our research has provided strong evidence that RbAp46 is a novel tumor 

suppressor involved in regulation of normal cell growth in mammary gland, and that dysregulation 
of RbAp46 expression may contribute to human breast cancer tumorigenesis. Our research also 

suggested a possible therapeutic approach based on restoration of RbAp46 expression m the 

treatment of human cancer. 
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OVEREXPRESSION OF RbAp46 FACILITATES STRESS-INDUCED APOPTOSIS 
AND SUPPRESSES TUMORIGENICITY OF NEOPLASTIGENIC BREAST 
EPITHELIAL CELLS 
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} We have found previously that the retinoblastoma (Rb) 
I suppressor associated proteiri 46 (RbAp46) is a gene upregu- 

4 lated by the Wilms' tumor suppressor, WTI, and functions 
as a potent growth inhibitor. To investigate the effect of 
RbAp46 overexpression on early development of breast can- 
cer, we established stable cell lines from neoplastigenic 
breast epithelial cells, MCF10AT3B, a cell line derived from a 
model of human proliferative disease, to constitutively ex- 
press exogenous RbAp46. We have found that expression of 
RbAp46 suppressed colony formation of MCF 10AT3B cells in 
soft-agar, and inhibited tumor formation of these cells in 
nude mice. Expression of RbAp46 sensitized MCFI0AT3B 
cells to apoptosis induced by serum deprivation and hydro- 
cortisone withdrawal. Furthermore, we have found that the 
c-Jun NH2-terminal kinase (JNK) pathway and GADD45, a 
growth arrest- and DNA damage-inducible gene, are consti- 
tutively activated in RbAp46-expressing cells. Our data sug- 
gested that high levels of RbAp46 expression inhibit the tu- 
morigenicity of neoplastigenic breast epithelial cells by 
facilitating JNK-dependent apoptotic cell death. Our data 
also suggested that dysregulation of RbAp46 gene may be 
involved in the early development of breast cancer. 
© 2003 Wiley-Liss, Inc. 

Key words: RbAp46; tumor suppressor; apoptosis; JNK; breast can- 

The retinoblastoma (Rb) suppressor associated protein 46 
(RbAp46) was first identified as a protein in HeLa cells that binds 
to an Rb affinity column. • The cDNA encoding RbAp46 was later 
cloned.2.3 The predicted amino acid sequence contains 4 typical 
WD repeats that end with WD residues and 4 non-typical WD 
repeats that end with WN, FD or YD.^ Homologues of RbAp46 
have been cloned from tomato and Arabidopsis thaliana, sharing 
65% amino acid sequence homogeneity with their human coun- 
terpart.'* The predicted amino acid sequence of human RbAp46 
exhibits a strong homology with MSIl, a protein characterized as 
a negative regulator of the Ras signal transduction pathway in 
Saccharomyces.^-^ Overexpression of human RbAp46 or MSIl 
suppresses heat-shock sensitivity and decreases cellular cAMP 
levels in a constitutively active RASl^"''^ mutant yeast strain.^.^ 
Recently, the C. elegans lin-53 gene, which shares 70% amino acid 
homogeneity with human RbAp46, was shown to antagonize the 
Ras-signaling pathway in C. elegans and to play a critical role in 
vulval induction.'' 

RbAp46 has been shown to be a component of the mSinS 
histone deacetylase (HDAC) complex,' which is involved in the 
transcriptional repression mediated by growth-related transcription 
factors. RbAp46 is also known as the histone acetyltransferase 
(hat) Type B subunit 2 in which RbAp46 binds selectively to H2A 
and H4 histones and greatly stimulates hat activity.* RbAp46 is 
found as a subunit of NuRD, a multi-subunit complex containing 
chromosome-remodeling activity.' Thus, RbAp46 functions as a 
core-histone-binding subunit that targets chromatin assembly fac- 
tors, chromatin-remodeling factors, histone acetyltransferase and 
deacetylase to their histone substrates in chromatin. 

Previously, we isolated RbAp46 as a downstream target gene of 
the Wilms' tamor suppressor gene product, WT1.'° We have 
further found that overexpression of RbAp46 inhibits transformed 
phenotype of adenovirus-transformed human embryonic kidney 

293 cells." It has been discovered recently that RbAp46 specifi- 
cally interacts with the BRCT domain of breast cancer and ovarian 
cancer susceptibility gene BRCAl and modulates its transcrip- 
tional transactivation activity.'^-'^ These results suggest that 
RbAp46 regulates the function of BRCAl as a tumor suppressor 
and dysregulation of RbAp46 may contribute to the early devel- 
opment of breast cancer. 

Human breast cancer evolves in a progressive stepwise se- 
quence from benign hyperplasia through atypical hyperplasia to 
carcinoma in situ and eventually to fully malignant, invasive 
tumors with the potential to metastasize. In the human female 
breast, a spectrum of pathologic change has been termed prolifer- 
ative breast disease.''' The progression of histopathological fea- 
tures of proliferative breast disease has been associated with in- 
creased risk for the development of invasive carcinoma.''* Women 
with the most severe forms of proliferative breast disease, atypical 
hyperplasia, have a 4- to 5-fold increased risk of developing breast 
cancer. "* Thus, the study of proliferative breast disease is likely to 
provide important information about the molecular and cellular 
events in the early development of breast cancer. 

The human cell line MCFIOA originated fi-om spontaneous 
immortalization of non-malignant breast epithelium.'^ MCFIOA 
cells transfected with T24 Ha-ras mutant (designated as 
MCFIOAT) acquired the ability for xenograft growth in the dorsal 
flank of nude mice. The MCF10AT3B cell line was established 
from a hyperplastic lesion found in the third generation transplant 
of nude mice. When xenografted into nude mice, the MCF10AT3B 
cells form atypical hyperplasia, carcinoma in situ and invasive 
carcinoma.'6 Long-term transplant of MCF10AT3B cells in nude 
mice produces lesions of various morphological types and grades, 
resembling the morphological characteristics of human prolifera- 
tive breast disease as well as in situ and invasive carcinoma.'^ 

We show that constitutive expression of RbAp46 inhibits clo- 
nogenicity of MCF10AT3B cells in soft-agar and tumorigenicity 
of these cells in nude mice. We also show that RbAp46 facilitates 
stress-induced apoptosis in these cells. Furthermore, we found that 
the c-jun N-terminal kinase pathway and GADD45, a growth 
arrest- and DNA damage-inducible gene, are constimtively acti- 
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vated in RbAp46-expressing cells, providing a molecular mecha- 
nism for RbAp46 function. 

MATERIAL AND METHODS 

Cell culture and DNA transfection 
MCF10AT3B cells were obtained from Karmanos Cancer In- 

stitute (Detroit, MI) and maintained at 37°C in a 10% CO2 atmo- 
sphere in DMEM/F12 medium supplemented with 5% horse se- 
rum, L-glutamine (2 mM), penicillin (100 U/ml), streptomycin 
(100 iJLg/ml), hydrocortisone (0.5 |xg/ml), insulin (10 (ig/ml), EGF 
(2 ng/ml), cholera toxin (0.1 |xg/ml) and fungizone (0.5 |JLg/ml). 
Cells were plated at a density of 1 X 10' cells per 60-mm dish and 
transfected 24 hr later with RbAp46 expression vector driven by 
the cytomegalovirus (CMV) promoter using the FuGene6 trans- 
fection reagent (Roche Molecular Biochemicals, Indianapolis, IN). 
The RbAp46 expression vector was constructed by cloning a 
1.9-kb BamHI-Kpnl cDNA fragment of RbAp46 from pBluescript 
into the Bg/II and Kpnl sites of mammalian expression vector 
pCB6+ as described before.'" Empty vector was also transfected 
into cells to serve as a control. Forty-eight hours after transfection, 
the cells were replated and selected with 250 |xg/ml of Zeocin 
(Invitrogen, Carlsbad, CA) for 2 weeks. The medium was changed 
every 3 days until colonies appeared. Individual clones were then 
isolated and expanded to confirm expression of RbAp46 by West- 
em blot and Northern blot analysis. Parental cells and cells trans- 
fected with the empty vector were analyzed as controls. 

RNA extraction and northern blot analysis 
Total cellular RNA was isolated using Trizol (Gibco/BRL Life 

Technologies, Carlsbad, CA), according to the manufacturer's 
instruction. Ten micrograras of total RNA was separated by elec- 
trophoresis on a 1.2% formamide/formaldehyde gel and blotted 
onto a nylon membrane (Hybond-N, Amersham Pharmacia Bio- 
tech, Piscataway, NJ). The blots were prehybridized for 1 hr and 
hybridized for 2 hr in Quick-Hybridization solution (Amersham 
Pharmacia Biotech) at 65°C. The probes included a 120 bp DNA 
fragment containing part of the CMV IE promoter and polylinker 
sequence 5' upstream of the RbAp46 cDNA, a 1.9 kb full-length 
cDNA of RbAp46, and a p-actin DNA probe from CLONTECH. 
The DNA probes were labeled with ^^P dCTP and a Rediprime II 
DNA labeling kit (Amersham Pharmacia Biotech). The blots were 
washed twice with 2X SSC and 0.1% SDS for 15 min at room 
temperature, and twice with 0.1 X SSC and 0.1% SDS for 15 min 
at 55°C. Blots were autoradiographed using intensifying screens at 
—70°C overnight. The same membranes were stripped and re- 
probed with a labeled (i-actin DNA probe to confirm equal load- 
ing. 

Western blot analysis 
Cells were washed with PBS and lysed with lysis buffer (50 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 0.25 mM EDTA, pH 8.0, 0.1% 
SDS, 1% Triton X-100, 50 mM NaF, 1 mM PMSF and 10 |jLg/ml 
aprotinin and leupeptin). After adjustment to the same total protein 
content, cell lysates were analyzed by Western blot analysis. The 
cell lysates were boiled for 5 min in SDS gel loading buffer and 
separated on a 10% or 6% SDS-PAGE gel. After electrophoresis, 
the proteins were transferred to a PVDF membrane (Millipore). 
The membranes were probed with various primary antibodies, 
HRP-conjugated secondary antibodies, and visualized with en- 
hanced chemiluminescence (ECL) detection reagents (Amersham 
Pharmacia Biotech). The same membranes were stripped and 
reprobed with antibody against P-actin to confirm equal loading. 

The antibody against activated form of Caspase-3 (AAP-113) 
was obtained from StressGen Biotechnologies (Victoria, BC) and 
anti-PARP (Ab-2) antibody from Oncogene Research (Boston, 
MA). Antibodies used to analyze activation of MAP kinase path- 
way including p-SAPK/JNK (Thr 183/Tyr 185); p-SEKl/MKK4 
(Thr 261); p-c-Jun (Ser 63) and p-c-Jun (Thr 73) were all pur- 
chased from Cell Signaling Technology (Beverly, MA). Antibody 

against P-actin was purchased from Sigma (St. Louis, MO). Anti- 
GADD45 antibody was purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). 

Cell survival assays 
To exclude the possibility of clonal variation, equal number of 

cells from 3 clones of RbAp46-expressing cells and control cells 
were mixed before cell survival assay, cells were plated 5 X 10"* 
cells/well in 12-well plates and were treated with serum depriva- 
tion or hydrocortisone withdrawal for 3 days. Each well was 
washed vigorously twice with PBS to eliminate dead cells. Viable 
cells were fixed and stained for 10 min in 250 \iX of 0.02% crystal 
violet in a solution of 20% ethanol/0.74%formaldehyde/80%water. 
The optical density (OD) of stained cells was measured at a 
wavelength of 590 nm with a spectrophotometer after they were 
treated with 1 ml of methanol. A background value of crystal violet 
staining for wells containing only culture medium was subtracted 
from each OD measurement. Assays were carried out in quadru- 
plicate. The percentage of survival cells was calculated as follows: 
survival rate (%) = OD (treated group)/OD (control group) X 
100%. 

Fluorescent activated cell-sorting analysis and DNA 
fragmentation analysis 

Fluorescent activated cell-sorting (FACS) analysis was carried 
out with a Coulter EPICS Profile I, and data from 60,000 cells per 
sample were analyzed with ModFitLT version 2.0 software. The 
gate was selected for single cell within a normal size range. The 
cells were seeded at 5 X 10"* cells/dish and cultured with different 
concentration of serum for 72 hr, then fixed in 95% ethanol. Before 
FACS analysis, the cells were stained with 10 |xg/ml of propidium 
iodide (PI) and treated with 100 |xg/ml of RNase A at 37°C for 30 
min. To exclude the possibility of clonal variation, equal number 
of cells from 3 clones of RbAp46-expressing cells and control cells 
were mixed right before FACS analysis. The PI signals were used 
as a measure for DNA content and hence cell cycle stage. For 
DNA fragmentation analysis, DNA was isolated using a DNA 
ladder kit from the Roche Molecular Biochemicals and electro- 
phoresed on a 2% agarose gel. 

Soft-agar colony formation assay and tumor formation 
in nude mice 

To determine anchorage-independent growth in soft-agar, 200 
cells from each of the stable cell lines were suspended in 3 ml of 
3.5% (WA^) agar containing IX DMEM/F12 medium plus 30% 
ECS. The cells were then overlaid onto a 0.7% (WfV) agar con- 
taining 1X DMEM/F12 medium plus 30% FCS in 5 replica dishes. 
After 4 weeks, colonies with S:20 cells were scored as positive 
using an inverted microscope. 

Tumor formation was assayed in 4~5-week-old female athymic 
nude mice (strain Ncr nu/nu; Sprague-Dawley, Indianapolis, IN) 
by the mammary fat-pad injection of 1 X 10' cells in 200 \ii 
Matrigel (BD Biosciences, Palo Alto, CA). Groups of 12 mice 
were injected using 2 individual clones from each transfectant. 
Animals with tumors were examined weekly, beginning at 30 days 
after the injections, to monitor tumor growth for 40 weeks. 

RESULTS 

Expression of RbAp46 inhibits tumorigenicity 
ofMCFlOATSB cells. 

To investigate the effects of high levels of RbAp46 expression 
on the early development of breast cancer, we established stable 
cell lines that express exogenous RbAp46 from MCFI0AT3B, a 
cell line derived from a xenograft model of human proliferative 
disease.'5 The individual cell clones were isolated and expanded. 
We established several clonal cell lines that expressed exogenous 
RbAp46 at high levels, 3 of which are described in detail here 
(RbAp46-4, -7 and -9). We also generated 3 control cell lines 
transfected with the empty expression vector (CMV-2, -5 and -6). 
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Clone 

RbAp46-MCF10AT3B 

4 7 9 

TABLE I - SOFT-AGAR COLONY FORNL^TiON 
OF RBAP46 EXPRF.SSINC1 CELLS 

Northern blot 

-inkmi) if^m -inmm 

Western blot 

^H^ ^^1^   -Exogenous 
^^^ '^^m     RbAp46 raRNA 

-RbAiv16mKNA 

- P->ctin mRNA 

- RbAp46 protein 

- p-actin protein 

FIGURE 1 - Northern blot and Western blot analysis of RbAp46 
expression in the control MCFI0AT3B cells transfected with empty 
vector (CMV-2, -5, and -6) and RbAp46 transfected MCF10AT3B 
cells (RbAp46-4, -7 and-9). For Northern blot analysis, DNA probes 
included a 120 bp DNA fragment containing part of the CMV IE 
promoter and polylinker sequence 5' upstream of the RbAp46 cDNA 
that detects only the exogenous RbAp46, and an 1.9 kb full-length 
cDNA of RbAp46 that detects both exogenous and endogenous 
RbAp46. The filter was also hybridized to an p-actin DNA probe for 
a loading control. For Western blot analysis, the filter was probed with 
anti-RbAp46 antibody, and an anti-P-actin antibody as a control. 

The clonally isolated colonies were examined by Northern blot 
analysis using a DNA sequence unique to exogenous RbAp46 as a 
probe. A distinct 2.0 kb transcript was highly expressed in 
RbAp46-transfected cells (Fig. 1). Western blot analysis using 
polyclonal antibody raised against the final 15 amino acids of 
RbAp46 confirmed that the levels of RbAp46 (—50 kDa) protein 
were about 4~5 fold higher in these cloned cells than the endog- 
enous RbAp46 level in the control cells transfected with empty 
vector (Fig. 1). 

We then explored the effects of RbAp46 on the tumorigenic 
activity of MCF10AT3B cells using 2 types of experiments. First, 
we determined the ability of these established cell lines to form 
colonies in soft-agar. Two hundred cells from each established cell 
line were seeded in 60-mm dishes in replicates of 5 dishes for each 
cell line. After incubation for 4 weeks, colonies with more than 20 
cells were counted and scored as anchorage-independent. The 
RbAp46-expressing cells formed ~50% fewer colonies in soft- 
agar than parental cells and control cells transfected with the 
empty vector (Table I). Analysis of the data using a Student's /-test 
showed that the reduction in the number of colonies formed by 
RbAp46-expressing cells compared to control cells was statisti- 
cally significant (p < 0.05). In addition to the decreased number of 
colonies, we noted a significant decrease in the average size of 
colonies formed by cell lines expressing high levels of RbAp46 
(data not shown). This result indicates that high levels of RbAp46 
expression inhibit anchorage-independent growth of MCF10AT3B 
cells. 

Second, we examined the effect of RbAp46 on the tumorige- 
nicity of MCF10AT3B cells in nude mice. Two established cell 
lines from each expression vector were injected in the mammary 
fat-pad of 12 nude mice. Forty weeks after injection, tumor like 
nodules were detected at about 50% of the injected sites of parental 
cells and control cells transfected with empty vector. When the 
host animals were sacrificed and the tumor like lesions resected, a 
portion of each was prepared for histological examination. All 
lesions showed distended ducts filled with uniform cells containing 
enlarged nuclei, relatively abundant cytoplasm and sharp cell 
boundaries (data not shown), corresponding to a Grade 4 lesion of 
proliferative breast disease, i.e., carcinoma in situ.'^' Tumors were 
totally absent in the mice injected with RbAp46-expressing cells 
(Table II). This data indicates that RbAp46 strongly suppresses the 
tumorigenic ability of neoplastigenic MCF10AT3B cells in nude 
mice. 

colonies 
(n) 

CMV-2 
CMV-5 
CMV-6 
RbAp46-4 
RbAp46-7 
RbAp46-9 

33.4 ±5.1 
30.6 ± 4.2 
32.2 ±6.1 
12.8 ±3.1 
15.4 ± 2.9 
16.6 ± 3.6 

'Number of colonies with >20 cells per dish formed in soft-agar 
colony formation assay. Five replicates of each transfectant were 
cultured for 4 weeks and colonies were counted. The difference in the 
number of colonies is statistically significant for all pairings (n < 
0.05). 

Expression RhAp46 facilitates stress-induced apoptnsis. 
When grown in normal serum media (5% horse serum), we 

noticed that some RbAp46-expressing cells were floating in the 
culture dish, suggesting that high levels of RbAp46 may affect 
cell survival. To pursue this further, we examined cells with 
exogenous RbAp46 following their transfer to media containing 
low concentrations of serum. In contrast to the control cells, 
RbAp46-expressing cells incubated in low serum exhibited a 
dramatic increase of cell death (Fig. 2a). In low concentrations 
of serum, many RbAp46-expressing cells exhibited morpholog- 
ical characteristic of apoptosis such as retraction of cellular 
processes, nuclear condensation, and loss of adherence to the 
tissue culture dish (data not shown). It has been reported 
previously that hydrocortisone is vital to normal growth of 
MCFIOA cells in culture and hydrocortisone withdrawal will 
induce cell apoptosis in MCFIOA cells.''' Because 
MCF10AT3B cells was derived from MCFIOA cells,'' we 
tested if hydrocortisone withdrawal would induce apoptosis in 
MCF10AT3B cells. Hydrocortisone withdrawal markedly in- 
duces apoptosis in RbAp46-expressing cells at a level higher 
than that exhibited by control cells (Fig. 2I>). 

To further confirm that cell death induced by serum deprivation 
is apoptotic, fluorescent activated cell-sorting (FACS) analysis was 
carried out in propidium iodide stained cells. Although we did not 
observe any change of cell population in a specific phase of the cell 
cycle, we observed a dramatic increase of cell population in the 
sub Gl phase in the RbAp46-expressing cells at low concentration 
of serum for 3 days (Table III). Electrophoretic analysis of DNA 
from these dying cells revealed the fragmentation of chromatin 
into a nucleosomal ladder characteristic of apoptosis (Fig. 3a). 
These dying cells also exhibited the biochemical characteristics of 
apoptosis; the activation of caspa,se-3 and the cleavage of poly 
ADP-ribose polymerase (PARP), a substrate of activated 
caspa,se-3, were also observed in RbAp46-expressing cells at low 
concentrations of serum (Fig. 3b,c). These data strongly indicate 
that serum deprivation induces apoptosis in RbAp46-expressing 
MCF10AT3B cells, and even though high levels of RbAp46 ex- 
pression alone do not induce significant apoptosis, when combined 
with stress-stimuli, leads to a significant increase in apoptotic cell 
death. 

Constitutive activation of the JNK signaling pathway in 
RhAp46-expre.ssing MCF10AT3B cells 

To probe the molecular mechanism by which RbAp46 facilitates 
stress-induced apoptosis, we examined several apoptosis signaling 
pathways. We found that phosphorylation levels of endogenous 
SEK1/MKK4, the common upstream regulator of JNK pathway,'^ 
were higher in RbAp46-expressing cells compared to control cells 
(Fig. 4a). The phosphorylation level of JNK was also enhanced in 
RbAp46-expressing cells (Fig. 4b), at a level comparable to that 
ob.served after UV irradiation (data not shown), a well-described 
inducer of JNK.'^ Furthermore, JNK kinase activity was also 
activated as demonstrated by the increased phosphorylation of the 
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TABLE II-TUMORIGENICITY OF RBAP46-EXPRESSING 
 MCF10AT3B CELLS IN NUDE MICE' 

Cells Tumor formed 

MCF10AT3B 
CMV-2 
CMV-6 
RbAp46-4 
RbAp46-9 

6/12 
6/12 
7/12 
0/12 
0/12 

'The tumor formation ability of the parental cells (MCF10AT3B), 
the control cells (CMV-2 and 6), and RbAp46-expressing cells 
(RbAp46-4 and -9) was tested by subcutaneously injecting 1 X 10^ 
cells at each site of nude mouse. Animals with tumors were monitored 
weekly starting 30 days following the injections. Tumor formed rep- 
resents the number of tumors divided by the number of mice. 

D 5%Serum 
□ 2.5%Serum 
01.25%Serum 

CMV RbAp46 

B. 

^     80.00 

t ■3      60.00 

40.00 

IMCF10A Medium 

n no hydfocotisone 

CMV RbAp46 

FIGURE 2-RbAp46 expression facilitates cell death induced by 
stress stimuli, (a) Cells were cultured in different concentrations of 
serum as indicated for 3 days, (b) Cells were cultured in medium with 
or without hydrocortisone for 48 hr. Cell survival assays were carried 
out as described in Material and Methods. 

JNK substrate c-Jun (Fig. 4c). Expression of RbAp46 did not result 
in nonspecific activation of the other MAP kinase pathways, as 
shown by the unaltered t3Tosine phosphorylation of MAP kinases 
such as ERK and p38 (data not shown). These results indicated that 
the JNK signaling pathway is constitutively activated in RbAp46- 
expressing cells, which may provide an explanation for the sensi- 
tivity of RbAp46-expressing cell to apoptosis induced by stress 
stimuli. 

RbAp46 induces expression of GADD45 
The data described above demonstrated that RbAp46 sensitized 

cells to apoptosis induced by serum stimuli, possibly through 
constitutive activation of JNK pathway. Growth arrest- and DNA 
damage-inducible (GADD) genes belong to a subgroup of genes 
that are not only rapidly induced by DNA-damaging agents but are 
coordinately induced in growth-arrested cells.^" Two studies have 
shown recently that GADD45 may play a role in apoptosis via 
activation of the JNK signaling pathway. Takekawa and Saito^' 
showed that GADD45 interacts with MTK1/MEKK4, an upstream 
activator of JNK pathway, to induce JNK-mediated apoptosis. 
Harkin et alP-'^ also showed that BRCAl triggered JNK-dependent 
apoptosis is associated with transcriptional induction of GADD45. 
These results together with our data suggest a possibility that 
expression of GADD45 may be induced in cells with high levels of 
RbAp46. 

To examine expression of the GADD45 gene in RbAp46-ex- 
pressing cells. Western blot analysis was carried out with proteins 
from RbAp46-expressing cells and control cells. The levels of 
GADD45 expression were markedly increased in RbAp46-ex- 
pressing cells compared to control cells (Fig. 5a). The levels of 
GADD45 induced by RbAp46 were comparable to that induced by 
UV irradiation and higher than that induced by Methyl methane- 
sulfonate (MMS), a DNA alkylating agent known to induce 
GADD45 in all cells tested (Fig. 5b). This data suggested that 
overexpression of RbAp46 may mimic the signals of these envi- 
ronmental stimuli and induce expression of GADD45. 

DISCUSSION 

We used MCF10AT3B cells as a model system to study the 
effect of RbAp46 overexpression on the early development of 
human breast cancer. Our results from both in vitro and in vivo 
assays demonstrate that high levels of RbAp46 expression strongly 
inhibit the tumorigenic phenotype of neoplastigenic MCF10AT3B 
cells. 

We found recently that RbAp46 is upregulated more than ten- 
fold in WTl-expressing cells.'o It has been reported that WTl 
suppresses tumorigenicity of Wilms' tumor cells,^^ and osteosar- 
coma cells.^'* WTl also inhibits growth and tumorigenicity of 
ras-transformed NTH 3T3 fibroblasts.^^ Like WTl, the growth of 
several types of tumor cells was greatly inhibited by overexpres- 
sion of RbAp46."''" We provide evidence to demonstrate that 
RbAp46 is able to suppress the transformed phenotype of neoplas- 
tigenic MCF10AT3B cells. Taken together, these results are con- 
sistent with the hypothesis that RbAp46 mediates some of the 
tumor suppressor functions of WTl. 

In studies of tumor suppression, a common phenomenon known 
as tumor suppressor resistance (TSR) is usually observed in which 
tumor growth in nude mice is partially inhibited by introduction of 
a tumor suppressor.^' Our result that expression of RbAp46 totally 
abrogates the tumor formation in nude mice suggests that RbAp46 
has a strong ability to inhibit tumor formation or that RbAp46 may 
function in a different mechanism from the tumor suppressors 
previously described. The exact mechanism of inhibition of tumor 
formation by RbAp46 remains to be elucidated. Because RbAp46 
sensitizes cells to apoptosis induced by low concentration of 
serum, we speculate that RbAp46 may enhance apoptosis of tumor 
cells implanted in nude mice before angiogenesis is established at 
the tumor. 

Furthermore, we found that RbAp46 sensitizes MCF10AT3B 
cells to apoptosis induced by serum deprivation and hydrocorti- 
sone wididrawal. We also found that RbAp46 sensitizes 
MCF10AT3B cells to apoptosis induced by TNF-a and Fas ligand 
treatment (data not shown). RbAp46-expressing cells do not ex- 
hibit significant cell death under normal conditions, whereas 
RbAp46 enhances apoptosis induced by other signals. Apparently, 
in the serum deprivation case, the growth-promoting factors in 
serum induce the expression of positive activities that overcome 
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TABLE III - CKLL-CYCLE PROFILF. OF RBAP46-EXPRF,S.SING CELLS' 

Cells 
Cell fraclion (Vr) at S'J'r .Senini Cell fraction {7() al l.2.5Cf Scrum 

CO/Gi G2/M S Apoplnsis GO/Gl G2/M S Apoptosis 

CMV-2 
CMV-5 
RbAp46-4 
RbAp46-9 

51.84 
42.55 
57.94 
56.28 

16.31 
25.18 
14.84 
20.36 

31.85 
32.27 
27.22 
23.36 

0.22 
0.38 
2.83 
4.03 

76.10 
80.75 
87.27 
89.52 

11.15 
9.99 
9.29 
7.37 

12.75 
9.26 
3.44 
3.11 

4.85 
2.26 

26.44 
25.27 

'The cell cycle distribution was determined by staining for DNA content with propidium iodide, followed by FACS analysis. The control cells 
and RbAp46-expressing MCF10AT3B cells were cultured in normal and low concentrations of serum for 3 days. Apoptosis portion of cells is 
indicated. The experiment was repeated 3 times with similar results, and the result from 1 experiment is shown here. 

A. CM\'-MCF10AT3B 
■t-Serum (%> 

RbAp46-MCF10AT3B 
+ Serum (%) 

O CMV-MCF10AT3B      RbAp46-MCF10.\T3B 

Serum (%)   2.5   1.2    0.6    0.3   2.5     1.2    0.6   0.3 

85kD - "^' '^' '■•"   """• 

-PARP 

c. CMV-MCF10AT3B     RbAp46-MCF10AT3B 
2.5%Serum 2.5%Serum 

(day) 

_ Activated- 
Caspase-3 

- P-actin 

FIGURE 3-RbAp46 sensitizes cells to apoptosis induced by low concentration of serum, (a) DNA fragmentation assay. Cells grown at 
different concentrations of serum as indicated for 3 days were harvested and cellular DNA was extracted and analyzed by electrophoresis on a 
1.8% agarose gel. (b) Enhanced PARP cleavage in RbAp46-expressing cells after cultured in different concentrations of serum for 3 days. 
Western blot analysis of proteins from cells with overexpression of RbAp46 was carried out with an anti-PARP antibody that detects intact (116 
kDa) and cleaved (85 kDa) products, (c) Caspase-3 activation in RbAp46-expressing cells grown in low concentrations of serum for 3 days. Cell 
lysates were prepared, and Western blot analyses were carried out using anti-caspase-3 and anti-actin antibodies. Activated caspase-3 (17 kDa) 
was indicated. 

the negative effect of RbAp46. It is also possible, however, that 
high levels of RbAp46 can actually induce apoptosis, and cells that 
express RbAp46 at high levels may die of apoptosis during the 
drug selection period. 

We further demonstrated that the INK stress-response pathway 
is constitutively activated in RbAp46-expressing cells. The phos- 
phoryiation levels of SEK1/MKK4, an upstream activator of JNK 
pathway, and JNK were enhanced greatly in RbAp46-expressing 
cells compared to control cells. The kinase activity of JNK was 
also activated because the phosphoryiation levels of its substrate 
c-jun were enhanced in RbAp46-expressing cells. The JNK path- 
way is activated by environmental stresses (e.g., UV, 7-irradiation, 
methyl methanesulfonate [MMS], osmotic stress, and the transla- 
tion inhibitor anisomycin) and has been implicated recently as a 
major apoptotic pathway after DNA damage and in response to Fas 
ligand and tumor necrosis factor a."* Overexpression of RbAp46 
appears to mimic these signals in response to various environmen- 
tal stress stimuli and constitutively activate the JNK signaling 
pathway. The constitutive activation of JNK pathway in RbAp46- 
expressing cells apparently makes cells more sensitive to apoptosis 
induced by stress signals. 

We have established recently a tetracycline-inducible RbAp46 
expression system in Saos-2 cells, an osteosarcoma cell line that 
lacks both functional p53 and Rb. Inducible expression of RbAp46 

activated the c-Jun N-terminal kinase (JNK) signaling pathway 
and potentiate apoptosis in Saos-2 cells (unpublished data). Thus, 
we have an inducible system that can be used to study the molec- 
ular mechanism by which RbAp46 activates the JNK signaling 
pathway and sensitizes cells to apoptosis. 

The ability to sensitize cells to apoptosis is not unique to 
RbAp46. It has been reported that expression of gene products, 
such as cyclin D,-''-'* myc,^'--^' or ElA-'2..i3 al.so sensitize cells to 
undergo apoptosis after serum deprivation, but do not induce cell 
death under optimal growth conditions. It also has been shown 
recently that over-expression of cyclin G enhances apoptotic cell 
death induced by treatment with TNF-a, RA or low serum." It 
will be interesting to examine whether these proteins share a 
similar pathway as RbAp46. 

The molecular mechanism by which RbAp46 activates the JNK- 
signaling pathway is unclear. A possible mechanism for the acti- 
vation of JNK pathway by RbAp46 is provided by the experimen- 
tal data that the expression levels of GADD45 were increased in 
RbAp46-expressing cells. GADD45 has been reported recently to 
bind and activate MAPKKK MTKI/MEK4, an upstream regulator 
of JNK, triggering JNK-dependent apoptosis.-' In addition, it has 
been reported that forced expression of BRCAl induced JNK- 
dependent apoptosis is also associated with upregulation of 
GADD45." Thus, it is possible that RbAp46 activates the JNK 
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FIGURE 4 - JNK/SAPK signaling pathway is constitutively activated 
in RbAp46-expressing cells. The different clones of RbAp46-trans- 
fected MCF10AT3B cells and empty vector transfected cells were 
maintained in medium containing 5% serum. Western blot analyses 
were carried out with (a) anti-phospho-SEKl/MKK4 and anti-SEKl/ 
MKK4; (b) anti-phospho-JNK and anti-JNK; and (c) anti-phospho-c- 
Jun and anti-c-Jun antibodies. 

signaling pathway through upregulation of GADD45. The role of 
GADD45 in mediating the stress-induced JNK activation remains 
controversial. Stress-induced JNK activation is not altered in 
gadd45-deficient embryonic fibroblasts.^'Js suggesting that 
GADD45 is not required for the JNK activity. Therefore, it is 
possible that RbAp46 employ different mechanisms to activate the 
JNK signaling pathway. 

FIGURE 5 - Expression of GADD45 is activated in RbAp46-express- 
ing cells, (a) The different clones of RbAp46-transfected 
MCF10AT3B cells and empty vector transfected cells were cultured in 
medium containing 5% horse serum. Western blot analysis with anti- 
GADD45 and anti-actin antibodies were carried out. (b) For compar- 
ison, the induction of GADD45 by UV irradiation and MMS is also 
shown. 

RbAp46 has been shown recently to exist in the mSin3 complex 
with human histone deacetylase HDACl and HDAC2,'' which is 
involved in the transcriptional repression mediated by growth- 
related transcription factors, such as PLZF protein,^'' LAZ-3 
(Bcl-6) oncogene,38 AML-1 protein,^^ and Mad-Max proteins.'"' 
Together with our results, these observations suggest that the 
histone acetylation/deacetylation system plays an important role in 
the regulation of cell growth, differentiation and apoptosis. Dys- 
regulation of this system may lead to altered expression of growth- 
related genes and ultimately to uncontrolled cell growth charac- 
teristic of tumorigenesis. 
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Abstract. The retinoblastoma (Rb) suppressor associated 
protein 46 (RbAp46) is a subunit ofchromatin modifying and 
remodeling complexes. Previously, we found that RbAp46 
functions as a potent growth inhibitor. It is also a downstream 
effector of the Wilms'tumor suppressor, WTl. The findings 
that expression levels of WTl were downregulated in breast 
cancer cell lines and in subsets of primary breast tumors led us 
to investigate the possible role of RbAp46 in breast cancer 
tumorigenesis. Here, we found that RbAp46 expression levels 
were decreased in five established breast cancer cell lines 
compared to a normal mammary gland epithelial cell line. To 
investigate the effect of constitutive expression of RbAp46 on 
the transformed phenotypes of breast cancer cells, we 
established stable cell lines that constitutively express exogenous 
RbAp46 using three breast cancer cell lines, MCF-7, MDA- 
MB-231 and MDA-MB-436. We have found that RbAp46 
expression suppressed colony formation of these breast cancer 
cells in soft-agar, and inhibited tumor formation of these cells 
in nude mice. Our data demonstrated that constitutive RbAp46 
expression suppresses the transformed phenotypes of breast 
cancer cells, and suggested that dysregulation of RbAp46 
expression may contribute to breast cancer tumorigenesis. 

RbAp46 is a component of the mSin3 histone deacetylase 
(HDAC) complex (1), which is involved in transcription 
repression mediated by growth-related transcription factors 
such as the acute promyelocytic leukemia-associated PLZF 
protein (2), LAZ-3 (Bcl-6) oncogene (3), the acute myeloid 
leukemia-1 (AML-1) protein (4), and Mad-Max, members 
of oncogene Myc family (5). RbAp46 is also known as the 
histone acetyltransferase (hat) type B subunit 2, in which 
RbAp46 binds selectively to H2A and H4 histones and 

Correspondence to: Zhao-Yi Wang, Cancer Center, Criss II, Room 
510, Creighton University Medical Center, 2500 California Plaza, 
Omaha, NE 68178, U.S.A. Tel: (402) 280-4355, Fax: (402) 280- 
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Key Words: RbAp46, Tumor suppressor, breast cancer. 

greatly stimulates hat activity (6). Recently, RbAp46 was 
found as a subunit of NuRD, a multi-subunit complex with 
chromosome-remodeling activity (7). Thus, RbAp46 may 
function as a core-histone-binding subunit that targets 
chromatin assembly factors, chromatin-remodeling factors, 
and histone acetyltransferase and deacetylase to their 
histone substrates in chromatin. 

Previously, we isolated RbAp46 as a downstream target 
gene of the Wilms' tumor suppressor gene product, WTl 
(8). We have further found that overexpression of RbAp46 
inhibits transformed phenotype of adenovirus-transformed 
human embryonic kidney 293 cells through sensitizing cells 
to apoptosis (9). These data suggested that RbAp46 is an 
important downstream effector of the WTl pathway and 
may also function as a tumor suppressor for certain types of 
human cancer. Recently, others and our laboratory have 
discovered that RbAp46 specifically interacts with the 
BRCT domain of breast cancer and ovarian cancer 
susceptibility gene BRCAl and modulates its transcriptional 
transactivation activity (10,11), suggesting a role of RbAp46 
in breast cancer tumorigenesis. 

Previously, Siberstein et al. (12) found that WTl is 
expressed in myoepithelial cells of the normal breast duct. 
However, reduced WTl staining was seen in 60% of breast 
tumors, suggesting a correlation between the loss of WTl 
expression and mammary carcinogenesis. Laux et al. (13) 
and Huang et al. (14) used methylation-sensitive restriction 
endonucleases to demonstrate aberrant methylation of the 
WTl promoter and first intron in breast cancer samples, 
further suggesting that dysregulation of WTl is involved in 
the genesis of breast cancer. These results lead us speculate 
that appropriate expression of RbAp46, as an important 
downstream effector of WTl system, may be required for 
normal growth of mammary gland cells and dysregulation of 
RbAp46 may contribute to tumorigenesis of breast cancer. 

Here, we showed that RbAp46 expression is downregulated 
in several established breast cancer cell lines. We also found 
that constitutive expression of RbAp46 inhibits clonogenicity of 
MCF-7, MDA-MB-231 and MDA-MB-436 breast cancer cells 
in soft-agar and tumorigenecity of these cells in nude mice. 
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Figure 1. Northern blot analysis of RbAp46 expression in normal 
mammary gland epithelial cells, MCFIOA, and breast cancer cells, MCF- 
7, T47D, MDA-MB-231, MDA-MB-361 and MDA-MB-436 cells. 

Materials and Methods 

Cell culture and DMA transfection. Cells were maintained in 
DMEM medium supplemented with 10% fetal calf serum at 
37°C in a 10% C02 atmosphere. Cells were plated at a density 
of 1x10' cells per 60-mm dish and transfected 24 hours later 
with a RbAp46 expression vector containing RbAp46 cDNA 
fused with an influenza hemagglutinin (HA) epitope driven by 
the cytomagalovirus (CMV) promoter using the FuGene6 
transfection reagent (Roche Molecular Biochemicals). Empty 
vector was transfected into cells to serve as a control. Forty- 
eight hours after transfection, the cells were replated and 
selected with 500 (ig/ml of G418 (Gibco-BRL) for two weeks. 
The medium was changed every three days until colonies 
appeared. Individual clones were then isolated and expanded to 
confirm expression of RbAp46 by Western blot analysis. Three 
clones from each cell line were retained for further experiments. 
Three clones from cells transfected with the empty vector were 
analyzed as controls. 

Northern blot and Western blot analysis. For Northern blot analysis, 
total cellular RNA was isolated using Trizol (Gibco/BRL Life 
Technologies, Inc.) according to the manufacturer's instruction. 
Ten (ig of total RNA were separated by electrophoresis on a 1. 2 % 
formamide/formaldehyde gel and blotted onto a nylon membrane 
(Hybond-N, Amersham Pharmacia Biotech). The blots were 
prehybridized for 1 hour and hybridized for 2 hours in Quick- 
Hybridization solution (Amersham Pharmacia Biotech) at 65 °C. 
The probes included a 1.9 kb DNA fragment containing RbAp46 
cDNA. The DNA probes were labeled with 32p dCTP and a 
Rediprime II DNA labeling kit (Amersham Pharmacia Biotech). 
The blots were washed twice with 2 x SSC and 0.1% SDS for 15 
minutes at room temperature, and twice with 0.1 x SSC and 0.1% 
SDS for 15 minutes at 55 °C. Blots were autoradiographed using 
intensifying screens at -70 °C overnight. 

For Western blot analysis, cells were washed with PBS and 
lysed with lysis buffer (50 mM Tris-HCl pH8.0, 150 mM NaCl, 
0.25 mM EDTA, pH8.0, 0.1% SDS, 1% Triton X-100, 50 mM 
NaF, ImM PMSF and 10 (ig/ml aprotinin and leupeptin). After 
adjusted to the same total protein content, cell lysates were 
analyzed by Western blot analysis. The cell lysates were boiled 
for 5 minutes in SDS gel loading buffer and separated on a 10% 
SDS-PAGE gel. After electrophoresis, the proteins were 
transferred to a PVDF membrane (Millipore). The membranes 
were probed with Anti-HA-tag rat monoclonal antibody (3F10) 
purchased from Roche Molecular Biochemicals, and HRP- 
conjugated secondary antibodies. Western blots were visualized 
with enhanced chemiluminescence (ECL) detection reagents 
(Amersham Pharmacia Biotech). The same membranes were 
stripped and reprobed with antibody against p-actin to confirm 
equal loading. 

Soft-agar colony formation assay and tumor formation in nude mice. 
To determine anchorage-independent growth in soft-agar, two 
hundred cells from each of the stable cell lines were suspended 
in 3 ml of 3.5% (WA') agar containing 1 x DMEM/F12 medium 
plus 30% fetal calf serum. The cells were then overlaid onto a 
0.7% (WA') agar containing 1 x DMEM/F12 medium plus 30% 
fetal calf serum in five replica dishes. After three weeks, colonies 
with > 20 cells were scored as positive using an inverted 
microscope. 

Tumor formation was assayed in 4 ~ 5 week old female athymic 
nude mice (strain Ncr nu/nu; Sprague-Dawley, Indianapolis, IN) 
by subcutaneously injecting 2 x 10^ cells suspended in 200 |il of 
sterile phosphate-buffered saline. Groups of three mice were 
injected at two sites per mouse using three individual clones from 
each transfectant. Animals were monitored daily, beginning at 
two week after the injections, to measure the rate of tumor 
growth. Relative tumor volume was estimated by multiplying the 
longest diameter by the square of the shortest diameter and 
dividing by two. 

Results 

RbAp46 expression is downregulated in established breast 

cancer cell lines. Recent experiments suggested the 
possibility that WTl pathway may be involved in breast 
cancer tumorigenesis (7-9). As a functional effector of the 
WTl pathway, RbAp46 is likely important for normal cell 
growth of in mammary gland, while dysregulation of 

RbAp46 may be involved in development of breast cancer. 
To test this possibility, we used Northern blot analysis to 

determine the levels of RbAp46 expression in a normal 
mammary epithelial cell line MCFIOA, and established 
breast cancer cell lines with varying degrees of malignancy. 
We found that RbAp46 is highly expressed in MCFIOA 
cells, is expressed at intermediate levels in MCF-7, T47D, 
and MDA-MB-361 breast cancer cells, and is undetectable 
in MDA-MB-231 and MDA-MB-436 cells derived from 

highly malignant breast cancers (Figure 1). This data 
demonstrates that RbAp46 expression is downregulated in 

breast cancer cells. 
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Vector RbAp46 

Ctones 1 4 7 5   .  . 9       .11 
^uMjttK^^  ^^^H^^^^ ^^^y^^^ 

^IHIP^IBIiP'Hi^P      Anti-HA 

i- Anti-(i-actin 

MDA-MB-231 

Clones 3 4 6 7 8 12 

^pmpi^ •fp^^^^ ^mmi^^F 

- Anti-HA 

- Anti-j3-actin 

MDA-MB-436 

Clones 2 6 7 1 6        10 

«-f 

— Anti-HA 

- Anti-^actin 

MCF7 

Figure 2. Western blot analysis of exogenous RbAp46 in the control cells transfected with empty vector, and RbAp46-transfected MCF-7, MDA-MB-231 
and MDA-MB-436 cells. 

Table I. Soft-agar colony formation of RBAP46-expressing breast cancer cell. 

MDA-MB-231 MDA-MB-436 MCF7 

clones                               colonies clones colonies clones colonies 

Vector (1)                       66±3.3 Vector (3) 78±4.3 Vector (2) 112+1.3 

Vector (4)                      108±4.1 Vector (4) 84±5.6 Vector (6) 118±2.6 

Vector (7)                       84±2.4 Vector (6) 69±3.7 Vector (7) 110+1.7 

RbAp46 (5)                        8+0.8 RbAp46 (7) 23±1.8 RbAp46 (1) 8±1.8 

RbAp46 (9)                        8 ±0.8 RbAp46 (9) 19±1.5 RbAp46 (9) 4+0.5 

RbAp46(ll)                     14+1.1 RbAp46 (12) 20±2.2 RbAp46 (10) 12±1.2 

Number of colonies with a20 cells per dish formed in soft-agar colony formation assay. Five replicates of each transfectant were cultured for 
three weeks and colonies were counted. The difference in the number of colonies is statistically significant for all pairings (p<0,05). 
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Figure 3 /n vivo tumor formation assay of the control cells and RbAp46-expressing cells in nude mice. The mice were subcutaneousfy mjectedmlh 1 x 
10^ cells at each site from each tranfectant Relative tumor volume was estimated by multiplying the longest diameter by the square of the shortest diameter 
and dividing by two. The average of the relative volumes of tumor developing at multiple sites was calculated for each cell Ime and plotted against the 

number of week after inoculation. 

Constitutive expression ofRbAp46 suppresses clonogenicity of 
MCF-7, MDA-MB-231 and MDA-MB-436 breast cancer cells 
in soft-agar. To investigate the effects of constitutive 
RbAp46 expression on transformed phenotypes of breast 
cancer cells, we transfected an expression vector containing 
RbAp46 cDNA tagged with an influenza hemagglutinin 
(HA) epitope into three established breast cancer cell lines, 
MCF-7, MDA-MB-231 and MDA-MB-436. The individual 
cell clones were selected, isolated, and expanded. We 
established a number of clonal cell lines that constitutively 
expressed exogenous RbAp46. Three clones from each of 
the breast cancer cell lines are described here. We also 
generated three control cell lines transfected with the empty 
expression vector from each of breast cancer cell lines. 
Western blot analysis using antibody against HA tag 
confirmed that exogenous RbAp46 (-50 kDa) protein was 
readily expressed in these cloned cells (Figure 2). 
We then explored the effects of RbAp46 expression on the 
tumorigenic activity of MCF-7, MDA-MB-231, and MDA- 
MB-436 cells. We determined the ability of these established 
cell clones to form colonies in soft-agar. Two hundred cells 
from each established cell clone were seeded in 60-mm 
dishes in replicates of five dishes. After incubation for three 
weeks, colonies with more than 20 cells were counted and 
scored as anchorage-independent. The RbAp46-expressing 
breast cancer cells readily form fewer colonies in soft-agar 
than control cells transfected with the empty vector (Table 

I). In MCF-7 and MDA-MB-231 cells, RbAp46 expression 
lead to 10% fewer colonies than control cells. In MDA-MB- 
436 cells, RbAp46 expression also reduced the number of 
colonies about 25%. Analysis of the data using a student's t- 
test showed that the reduction in the number of colonies 
formed by RbAp46-expressing cells compared with control 
cells was statistically significant (p<0.05). In addition to the 
decreased number of colonies, we noted a significant 
decrease in the average size of colonies formed by breast 
cancer cells expressing exogenous RbAp46 (data not shown). 
These results indicate that constitutive RbAp46 expression 
inhibits anchorage-independent growth of MCF-7, MDA- 
MB-231, and MDA-MB-436 breast cancer cells. 

Constitutive expression of RbAp46 inhibits tumorigenecity of 
MCF-7, MDA-MB-23, and MDA-MB-436 breast cancer cells 
in nude mice. We further examined the effect of RbAp46 
expression on the tumorigenicity of MCF-7, MDA-MB-231 
and MDA-MB-436 cells in nude mice. Groups of three mice 
were subcutaneously injected at two sites per mouse using 
three individual clones from each established breast cancer 
cell lines. Four weeks after injection, tumors were detected 
at all injected sites of control cells transfected with empty 
vector. Tumors were totally absent in sites injected with 
RbAp46-expressing MDA-MB-231 cells. However, very 
small nodules were later detected in 1/3 sites injected with 
RbAp46-expressing MDA-MB-436 cells, and in 1/2 of sites 
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with RbAp46-expressing MCF-7 cell. The appearance of 
tumors derived from the RbAp46-expressing breast cancer 
cells was delayed several weeks compared to tumors derived 
from control cells (Figure 3). More importantly, the growth 
rates of tumors that developed from RbAp46-expressing 
cells were significantly decreased compared to those of the 
control cells. Figure 3 shows that tumor growth was 
markedly inhibited in mice injected with RbAp46-expressing 
breast cancer cells. This data indicates that RbAp46 strongly 
suppresses the tumorigenic abilities of MCF-7, MDA-MB- 
231, and MDA-MB-436 breast cancer cells in nude mice. 

Discussion and Conclusion 

We used MCF-7, MDA-MB-231 and MDA-MB-436 cells as 
model systems to study the effect of RbAp46 expression on 
the transformed phenotype of breast cancer cells. We found 
that expression of RbAp46 is down-regulated in established 
breast cancer cell lines. Our results from both in vitro and 
in vivo assays demonstrated that restoration and/ or 
constitutive expression of RbAp46 expression strongly 
inhibit the tumorigenic phenotypes of MCF-7, MDA-MB- 
231, and MDA-MB-436 breast cancer cells. 

Recently, we found that RbAp46 is upregulated more than 
ten-fold in WTl-expressing cells and RbAp46 (8). It has been 
reported that WTl suppresses tumorigenicity of Wilms' tumor 
cells, and osteosarcoma cells (15,16). WTl also inhibits growth 
and tumorigenicity of ras-transformed NIH 3T3 fibroblasts. 
Like WTl, the growth of several types of tumor cells was 
greatly inhibited by overexpression of RbAp46 (8,9). In this 
report, we further demonstrate that RbAp46 is also able to 
suppress transformed phenotype of MCF-7, MDA-MB-231, 
and MDA-MB-436 breast cancer cells. Taken together, these 
results are consistent with the hypothesis that RbAp46 
mediates some of the tumor suppressor functions of WTl. 

The molecular mechanism by which RbAp46 reverts 
transformed phenotypes of MCF-7, MDA-MB-231 and 
MDA-MB-436 cells are not clear. Recently, we found 
RbAp46 sensitizes human embryonic kidney 293 cells to 
apoptosis induced by serum deprivation (8,9). However, in 
RbAp46 expressing breast cancer cells, we did not observe 
any change of growth rate and signs of cell apoptosis, 
suggesting that in breast cancer cells, RbAp46 may function 
in a different mechanism. Recently, it was reported that 
forced expression of histone deacetylase 5 inhibited tumor 
cell growth by regulating growth-related genes (18). One 
hypothesis is that RbAp46 may modulate the activity of 
histone deacetylase or acetyl transferase to regulate growth- 
related genes, which will suppress the transformed 
phentypes of breast cancer cells. 

It also has been reported that the Sno protein, a 
component of macromolecular complex containing co- 
repressor N-CoR/SMRT, mSin3 and histone deacetylase. 

functions as a tumor suppressor in mice (19). Heterozygous 
(sno {+!-)) mice developed spontaneous lymphomas and 
showed an increased level of tumor formation relative to 
wild-type mice when exposed to a chemical carcinogen (19). 
Together with our results, these observations suggest that the 
histone acetylation/deacetylation system plays an important 
role in the regulation of cell growth, differentiation and 
apoptosis. Dysregulation of this system may lead to altered 
expression of growth-related genes and ultimately to 
uncontrolled cell growth characteristic of tumorigenesis. 
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